Introduction {#sec1-1}
============

Glioblastoma multiforme (GBM) is the most common primary brain tumor in adults with a poor prognosis for its patients. The etiology of this tumor is widely unknown, but there are some hints, which make dedifferentiated astrocytes and glial progenitor cells responsible (Chen et al., 2012). The current standard therapy consists of a surgical resection of the tumor followed by radiotherapy and chemotherapy with temozolomide (Stupp et al., 2005; Hottinger et al., 2014). One characteristic of the highly aggressive GBM tumor is the overproduction of vascular endothelial growth factor (VEGF), followed by an increased vascularization of the tumor (Adamson et al., 2009). Here, VEGF is involved in cell proliferation, survival, chemotaxis and permeability of endothelial cells (Senger et al., 1983; Leung et al., 1989; Ferrara et al., 1997, 2003; Gerber et al., 1998). One of the new opportunities in the treatment of GBM is the use of targeted drugs against VEGF, for instance the selective VEGF-receptor tyrosine kinase inhibitor axitinib (Kelly and Rixe, 2009; Hutson et al., 2013). Another essential column in the treatment of GBM is a fractionated radiation therapy, which can prolong survival rates of GBM patients (Stupp et al., 2005). But it is known, that radiation therapy also leads to elevated levels of VEGF expression in the tumor cells (Park et al., 2001).

To give new perspectives for significantly prolonged survival rates of GBM patients, innovative solutions and new targets in the treatment are under current investigations. However, in this context, the relevance of gap junctions in GBM is only poorly investigated. Gap junctions are small channels between adjacent cells in order to allow the exchange of small molecules like ions or second messengers (Goodenough et al., 1996, 2009). In general, gap junctions are highly important for the regulation of cell growth, metabolic transport, development and apoptosis within cells (Wei et al., 2004; King and Lampe, 2005).

Gap junctions are also known to be expressed in GBM and lower grade astrocytoma (Soroceanu et al., 2001). They appear between glioma cells (homocellular form), and between tumor cells and non-tumor cells like astrocytes (heterocellular form). The heterocellular form of gap junctions seems to be associated with an increased invasion of glioma cells into the tissue (Trosko and Chang, 2001; Lin et al., 2002). In general, one typical step in carcinogenesis is a down-regulation of gap junctional intercellular communication (GJIC) stressing its crucial role in tumor biology (Trosko and Chang, 2001). In GBM, the role of gap junctions remains unclear, however some ideas provide the use of the gap junctional network with GJIC to perform new innovative therapies.

It has been shown in VEGF receptor positive glial cells that VEGF enhances GJIC (Wuestefeld et al., 2012). GBM also possesses VEGF receptors (Knizetova et al., 2008; Lucio-Eterovic et al., 2009; Lee et al., 2011; Francescone et al., 2012; Yao et al., 2013; Mesti et al., 2014).

Therefore, the purpose of this study was to analyze the impact of VEGF, radiation therapy and VEGF receptor blockade by axitinib on GJIC in two different human GBM cell lines.

Material and Methods {#sec1-2}
====================

Materials {#sec2-1}
---------

VEGF-A (Sigma-Aldrich, V4512, USA) and axitinib (Selleckchem, S1005, USA) were supplemented to fresh medium at 0.1 and 100 μg/mL, respectively (Wuestefeld et al., 2012). To investigate the effect of therapeutic radiation, cells were irradiated with 2 gray (Gy) of photon energy by the linear accelerator Elekta Synergy S (dose output of 5 Gy/min) at the university clinic Marienhospital Herne (Germany). Cell culture medium was changed 1 hour after radiation by nutrient medium as a control or complemented with addition of VEGF or axitinib.

Cell lines {#sec2-2}
----------

U-87 MG was obtained from the American Type Culture Collection (ATCC) (Manassas, USA) and U-251 MG from CLS (Heidelberg, Germany). Cells were cultivated in Dulbecco\'s modified eagle medium (DMEM) containing 4.5 g/L D-Glucose, 3.7 g/L NaHCO3, stable glutamine and Na-Pyruvat (Biochrom AG, FG 0445, Germany) and supplemented with 10% sterile fetal bovine serum (Biochrom AG, S 0115) and 1% penicillin (Sigma-Aldrich). Cells were maintained at 37°C, 5% CO2 and 90% air moisture. Subcultures were made on 12 mm Ø cover slips to apply VEGF, axitinib or radiation on the confluent cell monolayer.

Immunohistochemistry {#sec2-3}
--------------------

To confirm the presence of Cx43 in U-87 and U-251 actin cytoskeleton specifically, GBM cells were fixed with 4% PFA for 30 minutes followed by permeabilization with 0.3% Triton for 10 minutes. The unspecific binding sites were blocked with goat-serum (Sigma-Aldrich, G9023, 1:50 in PBS, 30 minutes). After washing, cells were incubated with anti-connexin 43 (Merck Millipore, MAB3068, USA, 1:100 in PBS) overnight, followed by incubation with FITC-coupled anti-rabbit IgG (Sigma-Aldrich, F6005, 1:200 in PBS, 1.5 hours) and subsequently treated with rhodamin-phalloidin (Sigma-Aldrich, P1951, 1:20 in PBS, 1 hour). Then bisBenzimide H 33342 trihydrochloride (Hoechst, Sigma-Aldrich, B2261, 1:1,000 in PBS, 20 minutes) was applied to counterstain the cell nuclei.

To visualize cell coupling, microinjected cells were fixed with 4% PFA plus 0.2% picrinic acid for 2 hours. After several washing steps, cells were incubated with ExtrAvidin FITC (Sigma-Aldrich, E2761, 1:100 in PBS, 2 hours) to visualize neurobiotin. To count the cells, bisBenzimide H 33342 trihydrochloride (Hoechst, Sigma-Aldrich, B2261, 1:1,000 in PBS, 20 min) was applied to stain the nucleus. Finally the cover slips were mounted on microscope slides with fluoromount mounting medium.

Microinjection {#sec2-4}
--------------

Before performing the microinjection, cells were treated with axitinib or VEGF for 1 day. Some cells also received 2 Gy irradiation one hour before VEGF or axitinib was applied.

To study GJIC cells neurobiotin was microinjected into a single cell of a confluent monolayer glioblastoma cells. The procedure was performed according to the protocol published by Theiss and Meller (2002a, b). In brief, sterile glass capillaries (Hilgenberg, 1403512, Germany), formed by the P-97 Flaming/Brown Micropipette Puller (Sutter Instrument, USA), were filled with 8% neurobiotin hydrochloride diluted in distilled water (Vector Laboratories, Camon, Germany). The procedure was performed with aid of a phase contrast microscope (Zeiss, Germany) using an average pressure of 2--3 kPa for 0.1 second. Cells were then allowed to recover for 7.5 minutes which allows neurobiotin to spread into adjacent cells. To demonstrate functional cell coupling, displayed by neurobiotin, gap junction impermeable dextran-TRITC (Sigma-Aldrich, R-8881, 6%) was injected in combination with the gap junction permeable neurobiotin (6%).

Quantitative analysis of GJIC {#sec2-5}
-----------------------------

Microinjected cells were analyzed with the aid of a Zeiss confocal laser-scanning microscope (LSM 510, Germany) with a 10× objective (Pan Neofluar, NA, USA). The number of neurobiotin positive cells was counted.

Proliferation analysis {#sec2-6}
----------------------

To perform additional proliferations experiments, 5,000 cells per well were seeded in a 96-well plate (Sarstaedt, Germany). One day later, glioma cells were treated with VEGF, radiation and/or axitinib. 24 hours after treatment, cells were incubated with the MTS reagents (Promega CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay, G5421, USA) for 2 hours. After that, absorbance at 450 nm was measured with a Multiscan Ascent 354 (Labsystems, Heidelberg, Germany). The measured values are normalized to the average of the control conditions (Krcek et al., 2017).

Statistical analysis {#sec2-7}
--------------------

A Student\'s *t*-test (Statistica, StatSoft, USA) was performed to analyze the significance of the results. Error bars show the standard error. *P* values lower than 5% were set as significant differences.

Results {#sec1-3}
=======

Glioblastoma cell lines express Connexin43 {#sec2-8}
------------------------------------------

After several passages, glioma cells were cultivated to exhibit a monolayer of confluent cells. Both human GBM cell lines, U-87 and U-251, reveal a distinct Connexin43 (Cx43) signal, partially in the cytoplasm and partially on the cell surface along the actin skeleton between contacting tumor cells (**Figure [1A](#F1){ref-type="fig"}**, **[B](#F1){ref-type="fig"}**).

![Connexin 43 expression and gap junctional intercellular communication (GJIC) in glioblastoma multiforme cells.\
(A, B) Immunofluorescent staining of the human glioblastoma cell lines U-87 (A) and U-251 (B). Both cell lines express connexin 43 (Cx43) (green), partially in the cytoplasm and partially on the cell surface along the actin skeleton between contacting tumor cells (white arrows). Cell nuclei are stained with DAPI (blue). Glioblastoma cells possess a well-defined actin cytoskeleton (red). (C) In a confluent monolayer of U-251 cell line, a mixture of neurobiotin and dextran-TRITC was microinjected. Whereas there is dye spreading of neurobiotin to several adjacent glioblastoma cells, the microinjected cell turned red, indicating that dextran-TRITC remained in the microinjected cell. Scale bars: 10 μm in A, B; 50 μm in C.](NRR-12-1816-g001){#F1}

Neurobiotin is a specific tracer for gap junctions {#sec2-9}
--------------------------------------------------

To reveal that the technique of microinjection is suitable to investigate GJIC, a mixture of neurobiotin and the gap junction impermeable substance dextran-TRITC was microinjected (**[Figure 1C](#F1){ref-type="fig"}**). Whereas dye spreading of neurobiotin was prominent in numerous adjacent GBM cells, the microinjected carcinoma cell turned red, indicating that dextran-TRITC remained in the microinjected cell and did not couple within other cells. In cultured GBM cells dye transfer from the microinjected cells to neighboring cells was observed in radial fashion after injection (**[Figure 1C](#F1){ref-type="fig"}**).

Quantitative analysis of cell coupling {#sec2-10}
--------------------------------------

In order to analyze and quantify GJIC, single GBM cells were injected with neurobiotin. At least 32 microinjected cells (n) with a minimum of 4 independent cell cultures (*N*) were evaluated for GJIC in each condition and cell line. In U-87 cells (**[Figure 2](#F2){ref-type="fig"}**), VEGF did not modify GJIC in comparison to controls (1.087 ± 0.062, *n* = 51, *N* = 6 for control (ct) and *n* = 43, *N* = 5 for VEGF respectively, *P* \> 0.05), whereas the VEGF receptor blocker axitinib significantly increased GJIC (1.664 ± 0.051, *n* = 60, *N* = 6 for ct and *n* = 81, *N* = 9 for axitinib respectively, *P* \< 0.001). 2 Gy irradiation also showed an increase in GJIC for U-87 cells (1.343 ± 0.037, *n* = 57, *N* = 6 for ct and *n* = 58, *N* = 6 for irradiation respectively, *P* \< 0.001) as well as irradiation in combination with VEGF (1.474 ± 0.087, *n* =108, *N* = 11 for ct and *n* = 74, *N* = 8 for radiation + VEGF respectively, *P* \< 0.001). Moreover, irradiated cells in combination with axitinib also displayed elevated GJIC compared to controls (1.945 ± 0.08, *n* = 83, *N* = 9 for ct and *n* = 54, *N* = 6 for radiation + axitinib respectively, *P* \< 0.001). This elevation of GJIC in irradiated cells treated with axitinib was significantly higher compared to irradiated cells (*P* \< 0.001), irradiated cells combined with VEGF (*P* \< 0.001) and solely axitinib treatment (*P* \< 0.01).

![Influence of VEGF, the VEGF-R2 inhibitor axitinib, or irradiation with 2 Gy photons on GJIC of U-87 cell lines.\
(A--F) VEGF was added at 0.1 μg/mL, axitinib at 100 μg/mL. Scale bar: 50 μm. (G) Quantitative results. Data were expressed as the mean ± standard error, and analyzed by unpaired *t*-test. \*\*\**P* \< 0.001, *vs*. control group.](NRR-12-1816-g002){#F2}

In U-251 cell line (**[Figure 3](#F3){ref-type="fig"}**), the addition of VEGF for 24 hours significantly increased cell coupling (1.536 ± 0.076, *n* = 64, *N* =7 for ct and *n* = 54, *N* = 6 for VEGF respectively, *P* \< 0.001), whereas axitinib treatment had no significant effects on GJIC in comparison to controls (0.957 ± 0.038, *n* = 64, *N* = 7 for ct and *n* = 32, *N* = 4 for axitinib, respectively, *P* \> 0.05 to control, *P* \< 0.001 to VEGF). Beside this, addition of axitinib to VEGF incubated cells also had no significant effects on GJIC comparing with controls (1.11 ± 0.051, *n* = 64, *N* = 7 for ct and *n* = 32, *N* = 4 for VEGF + axitinib, respectively), but a significant decrease of GJIC in VEGF plus axitinib incubated cells compared to VEGF treated cells was obvious (1.536 ± 0.076, *n* = 54, *N* = 6 for VEGF *vs*. 1.11 ± 0.051, *n* = 32, *N* = 4 for VEGF + axitinib, *P* \< 0.001, **[Figure 4](#F4){ref-type="fig"}**). Furthermore, irradiation with 2 Gy increased GJIC in U-251 cells (1.806 ± 0.117, *n* = 64, *N* = 7 for ct and *n* = 32, *N* = 4 for radiation respectively, *P* \< 0.001 to control), while radiation (2 Gy) combined with VEGF incubation did not further significantly enhance GJIC in comparison to radiation alone (1.859 ± 0.081, *n* = 32, *N* = 4 for radiation and *n* = 32, *N* = 4 for radiation + VEGF respectively, *P* \> 0.05). Additionally, the increase following radiation was significantly higher compared to that of VEGF (*n* = 54, *N* = 6 for VEGF and *n* = 32, *N* = 4 for radiation, respectively, *P* \< 0.05). While axitinib together with radiation significantly increased GJIC compared to control (1.153 ± 0.051, *n* = 64, *N* = 7 for ct and *n* = 36, *N* = 4 for radiation + axitinib respectively, *P* \< 0.05), this augmentation was significantly less pronounced than with radiation alone (1.806 ± 0.117, *n* = 32, *N* = 4 for radiation *vs*. 1.153 ± 0.051, *n* = 36, *N* = 4 for radiation + axitinib, *P* \< 0.001).

![Influence of VEGF, the VEGF-R2 inhibitor axitinib, or irradiation with 2 Gy photons on GJIC of U-251 cell lines.\
(A--F) VEGF was added at 0.1 μg/mL, axitinib at 100 μg/mL. Scale bar: 50 μm. (G) Quantitative results. Data were expressed as the mean ± standard error, and analyzed by unpaired *t*-test. \**P* \< 0.05, \*\*\**P* \< 0.001, *vs*. control group.](NRR-12-1816-g003){#F3}

![Influence of VEGF and VEGF combined with the VEGF-R2 inhibitor axitinib on GJIC of U-251 cell lines.\
VEGF was added in a concentration of 0.1 μg/mL, axitinib of 100 μg/mL. Data were expressed as the mean ± standard error, and analyzed by unpaired *t*-test. \*\*\**P* \< 0.001, *vs*. control group. n.s.: Not significant; VEGF: vascular endothelial growth factor; GJIC: gap junctional intercellular communication.](NRR-12-1816-g004){#F4}

Analysis of cell proliferation {#sec2-11}
------------------------------

Furthermore, we analyzed cell proliferation by the MTS assay, with at least three independent experiments per condition. In U-251 cells (Krcek et al., 2017) as well as in U-87 (**[Figure 5A](#F5){ref-type="fig"}**) cells there were no significant effects regarding cell proliferation by one-day treatment with VEGF, radiation or both in combination detectable. While axitinib, VEGF plus axitinib (**[Figure 5B](#F5){ref-type="fig"}**) as well as the combination of radiation plus axitinib reduced cell proliferation of U-251 cells, these treatments did not affect proliferation rates of U-87 cells. Neither use of axitinib alone (0.961 ± 0.026, *n* = 39, *P* \> 0.05)nor the combination of VEGF plus axitinib (0.932 ± 0.021, *n* = 39, *P* \> 0.05), nor the combination of radiation and axitinib (0.977 ± 0.032, *n* = 30, *P* \> 0.05) showed any significant effects.

![Influence of VEGF, the VEGF-R2 inhibitor axitinib, or irradiation with 2 Gy photons on cell proliferation of U-87 cells (A) and influence of VEGF combined with axitinib on U-251 cell proliferation (B).\
VEGF was added at 0.1 μg/mL, axitinib at 100 μg/mL. Data were expressed as the mean ± standard error, and analyzed by unpaired *t*-test.\*\*\**P* \< 0.001, *vs*. control group.](NRR-12-1816-g005){#F5}

Discussion {#sec1-4}
==========

In the present study, we show that previous data of GJIC in astrocytes can partially be transferred to GBM. We displayed GJIC by using microinjection of neurobiotin, which is well known to pass through gap junctions due to its low molecular weight (Theiss and Meller, 2002a, b). GBM cell lines U-87 and U-251 both express Cx43 and build functional gap junctions, as demonstrated by neurobiotin transfer from the microinjected cell to adjacent cells. Other studies also revealed the expression of Cx43 in these cell lines with aid of western blot techniques (Ghosh et al., 2014; Ye et al., 2015). However, these data are partly contradictory to a previous study, in which U-251 cells were described to be Cx43 negative (Huang et al., 1998). In contrast to our experiments these authors used an antiserum against Cx43 and northern blot techniques. It is conceivable, that in this old publication a misidentified U-251 cell line was used, as it was the case in several earlier publications (Timerman et al., 2014).

Our present data clearly indicate that one day of VEGF incubation significantly enhances GJIC in U-251, like the results obtained in cultured rat astrocytes (Wuestefeld et al., 2012). Radiation showed a similar effect with significantly increased GJIC. These enhanced cell-coupling rates after irradiation could not be further increased through an incubation with VEGF. Besides this, irradiation alone was able to enhance GJIC in comparison to VEGF treatment. However, treatment with the VEGF receptor blocker axitinib in combination with irradiation led to a significant decrease in GJIC compared to irradiated cells alone, which was nevertheless significantly higher than control. Therefore, we concluded that in U-251 cells the effects of irradiation on GJIC are partially mediated by the autocrine and paracrine release of VEGF, and partially by other irradiation related effects, possibly through activation of other receptor tyrosine kinases. Moreover, the VEGF-receptor blockade by axitinib significantly reverses the VEGF mediated increase of GJIC.

On the other hand, in U-87 GBM cells VEGF treatment did not significantly enhance GJIC. This might be due to a high endogenous VEGF expression levels in U-87 cells, as it was detected in several studies before (Gorski et al., 1999; Hovinga et al., 2005). Nevertheless, single irradiation of U-87 as well as irradiation in combination with VEGF significantly enhanced GJIC. These data are in line with another study, demonstrating GJIC inducing effect of 5 Gy irradiation in U-87 followed by a quantification of calcein diffusion (Leone et al., 2008). Surprisingly, VEGF-receptor blockade by axitinib as well as axitinib in combination with irradiation also strongly enhanced GJIC in U-87 cells. These results are contrary to the data of healthy astrocytes (Wuestefeld et al., 2012), and to the data in U-251. We assume an important role of VEGF signaling in U-87 with an unknown mechanism of the VEGF-receptor.

Although both cell lines are highly aggressive and derived from human glioblastoma, they differ in several aspects. For instance, while U-251 cells grow in a monolayer, U-87 cells rapidly build multilayer forming clusters with adjacent cells. Moreover, U-87 cells have a spindle-shape form while U-251 cells are round shaped. Additionally, another study presents differences in metabolic profiles between these two cell lines (Shao et al., 2014). It could be that U-87 cells show other reaction patterns on cellular stress, which is evoked by VEGF-receptor blockade, compared to U-251 cells.

Gap junction constituting connexins are known to have half-life times of 1--2 hours, so that they must be continuously synthesized and shifted to the cell membrane (Laird et al., 1991). In a former study, we showed that VEGF incubation had no effects on Cx43 mRNA and protein expression in astrocytes (Wuestefeld et al., 2012). It is conceivable that increased actin activity mediated by VEGF (Foehring et al., 2012; Olbrich et al., 2013, Dumpich et al., 2015) could also be accompanied by an increased shifting of connexins into the membrane. Here, VEGF stimulates phosphorylation of the tyrosine kinase receptors VEGF-receptor-1 (VEGFR-1) and VEGF-receptor-2 (VEGFR-2). VEGF effects are mostly mediated by VEGFR-2 (Ferrara et al., 2003). In endothelial cells it was demonstrated that VEGFR-2 phosphorylation, in combination with Cdc42 activation, activates the SAPK2/p38 pathway, following by MAPKAP K2 activation. Furthermore, an activation of ADF/cofilin, Arp2/3 and WASP is involved in that pathway and acts as a re-organizer of the actin cytoskeleton with increased actin dynamics (Rousseau et al., 1997; Lamalice et al., 2004). Generally, cytoplasmic gap junctions are supposed to interact with actin filaments (Larsen et al., 1979; Murray et al., 1997). In astrocytes and lens epithelial cells it has been shown that GJIC partly depends on actin dynamics (Theiss and Meller, 2002b; Giessmann et al., 2003). In GBM cells the impact of VEGF signaling is not well understood, especially the effects on actin reorganization. As irradiation is able to increase the release of VEGF (Park et al., 2001; Kil et al., 2012) we assume a VEGF-dependent stimulation to explain the elevated GJIC. Furthermore, irradiation is also able to induce the activation of multiple other pathways like for example by stimulating the epidermal growth factor receptor (EGFR) (Dent et al., 1999; Valerie et al., 2007), which was demonstrated in U-87 cells (Stahler et al., 2013). The EGFR receptor activation might have positive effects on GJIC, as proved for human kidney epithelial cells (Rivedal et al., 1996; Reuss and Unsicker, 1998).

It is known that gap junction establishing connexins like Cx43 play an important role in tumor biology. It has been observed that high-grade glioma express less Cx43 than low-grade glioma or astrocytes (Huang et al., 1999; Soroceanu et al., 2001; Pu et al., 2004). Furthermore, transfections with Cx43 in Cx43 deficient glioma lead to decreased cell proliferation rates and a minor malignancy of these tumors (Cirenei et al., 1998; Huang et al., 1998). These authors discussed Cx43 to act as a tumor suppressor protein. Moreover, re-expression of Cx43 induced an increase of chemotherapy-induced apoptosis with a down-regulation of the anti-apoptotic protein bcl-2 and several autocrine growth factors. These proliferation effects are probably independent of GJIC (Huang et al., 2001; Qin et al., 2003; Xia et al., 2003; Zhang et al., 2003). However, the inhibitory effect of Cx43 transfection has been addressed before, as *in vitro* there is a clear dependency on the extracellular environment (Crespin et al., 2010). Nevertheless, a recent study shows that a reduction in GJIC promotes the migration of glioma cells using a 3D migration model (Aftab et al., 2015). At this point we can conclude, that Cx43 and GJIC seem to play a role in GBM, and therefore therapeutic options with a focus on GJIC are recently under investigation. For instance, an increase in GJIC could become an interesting issue in gene therapies using retroviral vectors. For these therapies, tumor cells are infected with a herpes simplex virus thymidine kinase, which makes these cells sensitive for the anti-herpetic drug ganciclovir (Culver et al., 1992; Colombo et al., 1995; Moolten and Wells, 1990). Here, gap junction mediated bystander effects are important to efficiently infect all tumor cells (Dilber et al., 1997; Cottin et al., 2011; Sun et al., 2012). Our results show that VEGF (in U-251) and radiation enhance GJIC, which suggests that targeting GJIC could be a promising strategy for patients with high VEGF levels or in combination with radiotherapy.
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